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bstract

Polymer–clay nanocomposites are well known to reduce the penetrant permeability by following tortuous path. Effects of such reduction in
as permeability on variation in selectivity of nanocomposites prepared using a high permeability polymer were examined. The polyarylate:
oly(tetramethylbisphenolA-iso/terephthalate) that exhibits high permeability and moderate selectivity was chosen for making nanocomposites
ith two organically modified clays (Cloisite 6A and 10A) by solution intercalation method. The nanocomposite formation for various clay loadings

3, 5 and 7% w/w) in polyarylate was ascertained by change in physical properties (X-ray diffraction, DMA, TEM). Behavior of solution viscosity
nd nanocomposite density indicated existence of polymer–clay layer interactions. As anticipated, though the gas permeability of pure gases, viz.,
e, N2, CH4 and CO2 exhibited decrease, it was not monotonous. This decrease was more for larger gases (N2, CH4 and CO2) in comparison to the

ecrease for smaller gas (He) permeability. This led to a decrease in CO2/N2 and CO2/CH4 selectivities and increase in He/CO2 selectivity; while
e/CH4 selectivity was increased substantially at 7% clay loading. This variation indicated feasibility of nanocomposites formation as a tool for

mproving selectivity of certain gas pairs.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Layered silicates are widely used for preparation of nanocom-
osites. Permeation properties of these nanocomposites are
nown to be greatly different than that of pristine polymer. Due to
mpermeable nature of silicate layers, diffusing molecule has to
ollow the ‘tortuous path’, increasing diffusion path length lead-
ng to reduction in permeability of various molecules like water
apor in poly(vinyl alcohol) [1], poly(urethane urea) [2], poly-
mide [3], poly(ε-caprolactone) [4]; oxygen permeability in case
f polyimide [3,5] and poly(lactic acid) [6]; CO2 permeability in
olyimide [7], etc. The reduction in permeability by nanocom-

osite formation was mainly investigated in view of barrier
roperty improvement. Studies on permeation of different gas
olecules in same nanocomposites are also reported. These
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nclude butyl rubber/vermiculite [8], LLDPE–montmorillonite
9], PP–clay nanocomposites [10], etc. These studies report
arginal [8] to significant [10] variations in selectivity of certain

as pairs reported. On the other hand, addition of fumed silica
n poly(1-trimethylsilyl-1-propyne) [11] and poly(4-methyl-2-
entyne) [12] led to improved gas permeation properties of the
esulting nanocomposites.

In the case of PP–clay nanocomposite, reduction in He per-
eability was mainly diffusion controlled, while permeability

f N2 and O2 was lowered by the reduction in both, solubility
nd diffusivity [10]. In butyl rubber/vermiculite nanocompos-
tes, CO2 sorption was found to be increased mainly due to the
as adsorption on vermiculite [8]. Improved transport proper-
ies in fumed silica–PTMSP nanocomposites was related to the
ncrease of free volume in PTMSP beyond the solution-diffusion
ealm [11], while in case of fumed silica–PMP nanocomposites,

anometer-sized fumed silica particles disrupt packing of rigid,
ulky PMP chains, thereby subtly increasing the free volume
vailable for molecular transport [12]. A trade-off relationship
hile modifying permeation properties of polymers, i.e. an effort
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Table 1
Specifications of MMT 6A and 10A

Clay used Ammonium cation Modifier concentration
(mequiv./100 g)

Basal spacing of as
received clay (0 0 1) (nm)

Basal spacing of toluene
treated clay (0 0 1) (nm)

Clay density
(g cm−3)

Cloisite 6A (CH3)2(HTa)2N+ 140 3.4 2.75 1.9
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nanocomposites based on 6A clay are abbreviated as PA-6A
and that based on 10A clay are abbreviated as PA-10A, with
suffix denoting the weight percent of clay loading as given in
Table 2.
loisite 10A (CH3)2(HTa) (CH2C6H5)N+ 125

a T, tallow (65% C18, 30% C16, 5% C14), HT, hydrogenated tallow.

o increase gas permeability generally leads to reduced selectiv-
ty and vice versa [13], is well known.

Though nanocomposite formation generally leads to the
eduction in permeability, this as a tool to improve selectivity
ay be promising by following the trade-off relationship. This

spect looks almost unaddressed in the literature and became the
bjective of the present work. The polymer with high permeabil-
ty was purposely chosen to analyze feasibility of such trade-off
elationship in improving selectivity. A glassy polyarylate:
oly(tetramethylbisphenolA-iso/terephthalate) exhibits appre-
iable gas permeability [14] and good solvent solubility. By
olvent intercalation, the nanocomposites with two different
ypes of clay (MMT 6A and 10A, that differ in organic mod-
fier) with varying clay loading were prepared to analyze
hysical and gas permeation properties of resulting nanocom-
osites.

. Experimental

.1. Materials

2,6-Dimethylphenol and benzyltriethylammonium chloride
BTEAC) were procured from M/s. Fluka, Switzerland. Isoph-
halic acid (IPA) and terephthalic acid (TPA) were procured
rom M/s. Aldrich Chemicals, USA. Thionyl chloride, toluene
nd petroleum ether (LR grade) were obtained from M/s.
.D. Fine Chemicals, India. Organically modified montmoril-

onite (MMT) Cloisite 6A and 10A (specifications as given
n Table 1) were supplied by Southern Clay Products, USA.
,6-Dimethylphenol was purified by distillation, while other
aterials were used as received.
TetramethylbisphenolA was prepared by the acid catalyzed

ondensation of 2,6-dimethylphenol with acetone according to
he procedure of Venkateswara et al. [15]. The dicarboxylic
cids (IPA and TPA) were converted to their respective acid
hlorides (IPC or TPC) by refluxing an acid in 4 mequiv. of
hionyl chloride using N,N-dimethyl formamide as the catalyst.
btained acid chlorides were purified by the recrystallization in
ry petroleum ether. Chemical structures of monomers and the
esulting polyarylate are given in Fig. 1.

The polyarylate: poly(tetramethylbisphenolA-iso/terephtha-
ate) (PA) was synthesized by controlled addition of CH2Cl2
olution of IPC and TPC (2:8) in aqueous Na-salt solu-
ion of tetramethylbisphenolA containing phase transfer agent

BTEAC) by interfacial manner [14]. Obtained polymer was
urified by reprecipitation of its CHCl3 solution into methanol.
oluene treatment for each of these clay samples was done
or removing excess organic modifier. The clay was stirred in
2.0 1.91 1.71

oluene (1% w/v) for 12 h, separated by filtration and dried at
0 ◦C for 24 h.

.2. Nanocomposite preparation

The solution intercalation approach was employed to prepare
olyarylate–organoclay nanocomposites. Toluene was selected
s a solvent, in which polyarylate (PA) showed good solubility
nd organically modified montmorillonite (10A and 6A) exhib-
ted good dispersability. Three grams of PA and varying amount
f vacuum dried (60 ◦C, 24 h) as received clay (3, 5 or 7 wt.%
f the polymer) was added to 45 ml of toluene and stirred for
2 h. The obtained clear suspension was poured on to a flat
lass surface, allowing solvent evaporation at an ambient tem-
erature and dry conditions. The formed film was peeled off
nd kept under vacuum at 60 ◦C for a week in order to ensure
omplete removal of the residual solvent. These films were trans-
arent in nature and no clay agglomeration could be seen. The
Fig. 1. The structure of monomers and polymer used.
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Table 2
Physical properties of nanocomposites containing varying percent loading of
6A and 10A clay

Nanocomposite
abbreviation

Clay used, its
loading (wt.%)

dsp
a (Å) [�] (dl g−1) ρ (g cm−3)

PA0 – 6.01 0.37 1.103
PA-6A3 6A, 3 5.76 0.44 1.111
PA-6A5 6A, 5 5.89 0.46 1.124
PA-6A7 6A, 7 5.75 0.53 1.135
PA-10A3 10A, 3 5.75 0.52 1.127
PA-10A5 10A, 5 5.47 0.57 1.133
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Fig. 2. Wide angle X-ray diffraction spectra for treated and untreated clays.

Table 3
Permeability coefficient (P)a and selectivities (α)b for nanocomposites with
different percent loading of clays

Gas PA 6A clay 10A clay

3% 5% 7% 3% 5% 7%
He 43.7 31.8 28.1 21.4 29.4 26.4 16.1
N2 1.2 1.2 0.8 0.7 1.0 0.84 0.66
CH4 1.04 0.93 0.85 0.3 0.75 0.67 0.30
CO2 41.6 20 14.2 3.8 16.1 12.2 3.7
α(He/N2) 36.4 26.5 35.1 30.6 29.4 31.4 24.4
α(He/CH4) 42 34.2 33.1 71.3 39.2 39.4 53.7
α(He/CO2) 1.05 1.59 1.98 5.63 1.83 2.16 4.35
A-10A7 10A, 7 5.75 0.61 1.144

a d-Spacing corresponding to polymer amorphous hollow in XRD scan.

.3. Characterizations

The X-ray diffraction studies of nanocomposites in the film
orm, while that of clays in powder form (as received and
oluene treated) were performed using Rigaku X-ray diffrac-
ometer (Dmax 2500) with Cu K� radiation and were as given
n Figs. 2 and 5(a and b) for clays and nanocomposites, respec-
ively. The basal spacing of clays was estimated from the (0 0 1)
eak in the XRD pattern. The average d-spacing value (dsp)
or the polymer peak (amorphous hollow) was calculated from
he peak maxima using Bragg’s equation. The scanning elec-
ron micrograph (S.E.M.) of clay in powder form (as received
nd toluene treated) and nanocomposites were recorded with
eica, stereoscan-440. The dispersability of intercalated clay
articles in the nanocomposite matrix was evaluated by means of
ransmission electron microscope (TEM, Jeol-1200 EX instru-

ent), operated at an accelerating voltage of 80 kV (Fig. 6).
he TEM specimens were cut from 50 �m thick nanocom-
osite films using ultramicrotome equipped with a diamond
nife. The TGA of clay (as received and toluene treated) was
erformed on Perkin-Elmer TGA-7 at 20 ◦C min−1 under N2
tmosphere from ambient to 700 ◦C. The dynamic mechanical
nalysis (DMA) was performed using Rheometrics DMTA III E,
n the temperature range of ambient to 300 ◦C, at the frequency of
0 rad s−1 and at 0.1% strain using a film specimen. The intrinsic
iscosity [η] of polymer solutions containing clay was deter-
ined by graphical method at 35 ◦C using toluene as a solvent.
he density (ρ) of nanocomposites in the film form was deter-
ined by flotation method using aqueous K2CO3 solutions at

0 ◦C.

.4. Permeability determination

The pure gas permeability measurements for He, N2, CH4
nd CO2 (used in the same sequence every time) were per-
ormed at 35 ◦C and at 10 atm upstream pressure using variable
olume method, while maintaining the permeate side at ambi-
nt pressure. Measurements were repeated for three membrane
amples prepared individually under identical conditions and

esults averaged (variation up to ±8% from average value,
epending on gas analyzed). The permeability and selec-
ivity (α, ratio of pure gas permeability) were as given in
able 3.

α(CO2/N2) 34.7 16.7 17.8 5.4 16.1 14.5 5.6
α(CO2/CH4) 40 21.5 16.7 12.7 21.5 18.2 12.3

a Permeability expressed in Barrer (1 Barrer = 1 × 10−10 cm3 (STP)
cm cm−2 s−1 cm Hg−1).

b Ratio of pure gas permeability.
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. Results and discussion

.1. Characterization of clays

Organoclays (6A and 10A) are layered silicates where the
rganic modifier is introduced by ion exchange. Montmoril-
onite, one of the clay minerals used as polymer filler, is available
s micron-size tactoids, consisting of several hundred individ-
al platy particles (each plate-like layer is about 1 nm thick and
rom 50 nm to about 100 nm in lateral dimension) held together
y electrostatic forces, with a gap of ∼0.3 nm between two adja-
ent particles [16]. Xu et al. reported that common platy filler
aterials such as montmorillonite, saponite, synthetic mica,

tc. are composed of stacked silicate layers of approximately
0–2000 nm in length and 1 nm in thickness [17]. Due to nat-
ral defects/charge heterogeneity on the clay plates, not all of
he clay plates could be fully ion exchanged. Therefore, some of
he organic surfactant could remain associated with the clay after
on exchange, but it would not be ionically bonded to the surface
nd remain only physically sorbed on to the surface. This excess
urfactant (organic modifier) can be removed by solvent washes
18]. Fig. 2 presents the XRD scan of the as received and toluene
reated clays. After toluene treatment, a decrease in d-spacing

as observed in the case of 6A. The d-spacing was reduced

rom 3.44 to 2.75 nm. This indicated that the toluene treatment
emoved an excess organic modifier associated with the clay.
or 10A clay, a marginal decrease of 0.1 nm in d-spacing was

i
t
r
w

Fig. 3. S.E.M. of clay: (a) 6A-untreated, (b) 6A-t
e Science 306 (2007) 277–286

bserved. The thermogravimetric analysis of toluene treated and
s received clay (vacuum dried) showed that in the case of 6A
lay, 3.63 wt.% loss of excess surfactant occurred, while it was
.51% in the case of 10A clay at 400 ◦C. The S.E.M. images of
oth the clays (as received and after toluene treatment) are shown
n Fig. 3. The agglomeration of clay particles was observed after
oluene treatment followed by drying.

.2. Formation of nanocomposite

The method of solution intercalation using toluene as a sol-
ent was adopted in the present investigation. The solution
ntercalation is known to be one of the methods for preparing
olymer–clay nanocomposites [19–21]. Though melt intercala-
ion is a widely used method and is environmentally benign,
olymer processing capability under melt condition becomes
n essential criteria. This was not established for the present
A. Moreover, the objective of the present work was to ana-
yze permeation properties of membranes. Thus, the method
f solution intercalation was preferred over other methods
f nanocomposite preparation. As stated in the previous sec-
ion, TGA analysis of toluene treated and untreated clays
howed that the excess modifier (unbound) was present only

n smaller quantity. Thus as received clays (without toluene
reatment but after vacuum drying) were used for the prepa-
ation of nanocomposites. The selection of solvent (toluene)
as based on solubility of the polymer and well dispersabil-

reated, (c) 10A-untreated, (d) 10A-treated.
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Fig. 4. S.E.M. of nanocomposites: (a) PA-1

ty of the clay particles. No agglomeration was observed when
oth the types of clay were suspended in toluene. It is said
hat high solubility of polymer and good dispersion of sili-
ate are the primary criteria used in the solvent selection for
olution intercalation [22]. Toluene was also reported to be a
olvent for solution intercalation using silicate–clays (MMT)
19,21]. Manninen et al. [21] has reported that toluene was
ound to produce the finest clay (Cloisite 20A) suspension
mong various solvents examined. The S.E.M. images of 5
nd 7% clay (of both the types) containing nanocomposites are
iven in Fig. 4, which did not indicate any clay agglomera-
ion.

.3. Characterization of nanocomposites

.3.1. X-ray diffraction, TEM and DMA studies
Fig. 5a shows X-ray diffraction spectra for 6A clay based

anocomposites. As can be seen from Fig. 2, toluene treated 6A
lay exhibited three well defined peaks with d001 peak having
-spacing of about 2.75 nm. However, in the case of nanocom-
osites, only one diffraction peak was observed at the higher
-spacing. Increase in the d-spacing was about 0.33, 0.37 and
.13 nm for 3, 5 and 7% 6A-clay loading, respectively. This

ndicated that the intercalation of polymer resulted in a new
et of diffraction planes. Increase in the d-spacing is known to
esult from disordered intercalated structure of nanocomposites
23,24].

(
P
t
b

(b) PA-10A7, (c) PA-6A5, and (d) PA-6A7.

Fig. 5b shows X-ray diffraction patterns for the 10A clay
anocomposites. A shift in 2θ-value to the lower angle indicat-
ng an increase in the d-spacing of clay was seen. This increase
as about 0.37, 0.46 and 0.37 nm for the nanocomposites with
, 5 and 7% 10A-clay loading, respectively. This confirmed the
isordered intercalation of the polymeric chains inside the clay
alleries. The dsp calculated for amorphous hollow responsi-
le for polymer fraction of nanocomposite was found to be
ecreased in both the types of clays, supporting that polymer
hains and clay in the formed nanocomposites exhibited some
nteractions, as also indicated by the increase in solution vis-
osity and the density (as elaborated in Section 3.3.2 below).
he nanocomposite formation was also confirmed by the trans-
ission electron micrograph (TEM) for both the types of clay

oading in PA. Fig. 6 for nanocomposites with 5% clay loading
ith different magnifications shows better dispersion of silicate

ayers in 10A based nanocomposites than that in 6A based.
The dynamic mechanical analysis was carried out to study

he effect of organically modified layered silicates on the glass
ransition (as indicated by tan δ peak temperature) and the sub-Tg
ransition temperatures of these nanocomposites. Temperature
ependence of tan δ peak for the pristine polymer and the
anocomposites studied is presented in Fig. 7. The value of Tg

maximum of the tan δ peak) was 271 ◦C for the pristine polymer,
A. As the percent clay loading increased, the Tg was reduced
o 263–255 ◦C in the case of 6A clay based nanocomposites and
etween 262 and 255 ◦C in the case of 10A clay based nanocom-
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ig. 5. (a) Wide angle X-ray diffraction spectra for PA and nanocomposites bas
ased on 10A clay.
osites. Decrease in the Tg followed the order of increasing clay
oading for both types of nanocomposites. This lowering in Tg
ould be attributed to the plasticization effect caused by organic
odifier molecules of the layered silicates. There are reports that

t
s
I
s

Fig. 6. TEM of nanocomposites: (a) PA-6A5, and (b) PA-10A5 (low magn
6A clay. (b) Wide angle X-ray diffraction spectra for PA and nanocomposites
he organic modifier of clay can lead to the decrease in glass tran-
ition temperature of polymer–clay nanocomposites [20,25,26].
n PVC–clay nanocomposites, ammonium compound of the clay
erved as a plasticizer by lowering the melt-compounding tem-

ification). (c) PA-6A5, and (d) PA-10A5 (with higher magnification).
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Variation in relative permeability (Pnanocomposite/PPA) with
the volume fraction of clay loading were as presented in
Figs. 8 and 9, for 6A and 10A clay based nanocomposites,
Fig. 7. tan δ curve by DMA of PA and nanocomposites.

erature of PVC [25]. In polyimide/clay nanocomposites, long
lkyl (dodecyl) groups in the organophilic clays provided a sig-
ificant plasticizing effect, thus resulting in a reduction in Tg
20].

.3.2. Solution viscosity and nanocomposite density
The intrinsic viscosity data for PA solutions containing differ-

nt 10A and 6A clay content is summarized in Table 2. A linear
ncrease in viscosity with increasing clay loading was observed
or solutions containing both the types of clay. For a particular
ercent loading, an increase in viscosity was found to be higher
n the case of 10A than that for 6A clay based solutions, indi-
ating better interactions of 10A clay with the polymer chains
han that of the 6A clay. Density of the nanocomposites deter-

ined by floatation method are given in Table 2. Density for
oth the types of nanocomposite increased with an increase in
he loading content. For 10A based nanocomposites, the density
as higher than that for 6A based nanocomposites for the same

evel of loading.
In the present case, clays contain organic modifier (ammo-

ium cation) having different groups (Table 1). The modifier of
0A contains phenyl ring in the alkyl chain, while 6A does not
ontain phenyl ring. As a result, better interaction based disper-
ion of clay particles in wholly aromatic polyarylate PA could
e anticipated with the 10A type of clay. It is said that in com-
arison to Cloisite 6A, the replacement of one hydrogenated
allow group by the benzyl group gives Cloisite 10A the proper
ydrophobicity and compatibility with PBT, which in turn favors
xtensive intercalation [27]. It should be noted here that PBT also
ontains aromatic rings in its backbone. Observed variations
n the density and solution viscosity of present nanocompos-
tes based on 6A and 10A may have originated from this basic
tructural difference of the organic modifier.

.4. Permeation properties of nanocomposites

.4.1. Effect on permeability

Gas permeability investigations of nanocomposites based on

oth types of clay was performed using pure gases viz. He, N2,
H4 and CO2 and the results are summarized in Table 3. For both

he types of nanocomposites, an overall decrease in permeabil-
F
1

ig. 8. Variation of relative permeability (Pc/Pp) with volume fraction (φf) of
A based nanocomposites.

ty for all gases was observed in comparison to that of pristine
A. This could be attributed to both, an increase in tortuous path
ength as well as to closer PA chain packing in nanocomposites,
n comparison to the pristine polyarylate (as revealed by lower-
ng in dsp). It is known that platelet type morphology of the clay
articles embedded in a polymer matrix increase diffusion path
ength by following a ‘tortuous path’, leading to the lowering
n permeability [28,29]. Various polymer–clay nanocomposites
xhibited a large decrease in permeability for different gases
8–10], as also observed in the present case.

The decrease in permeability was slightly more in the case
f 10A based nanocomposites than in the case of 6A based
anocomposites at the same level of clay loading. This could
e attributed to the lower available free volume in earlier cases
t a particular loading level. This was indicated by (a) lowering
n dsp of the polymer fraction in the nanocomposites (Table 2),
s a result of better interaction of 10A clay with PA than that
f 6A clay and (b) observed higher density and solution vis-
osity for 10A based nanocomposites than for their 6A based
ig. 9. Variation of relative permeability (Pc/Pp) with volume fraction (φf) of
0A based nanocomposites.
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espectively. This ratio decreased with increased clay loading
rom 3 to 7%. This trend could be anticipated based on increased
ortuous path for diffusing molecules. The reduction in relative
ermeability for different gases was observed to be different for
particular membrane. In butyl rubber/vermiculite membranes,

he relative permeability for various gases differed by as much
s a factor of two for a given membrane [8].

A nominal aspect ratio (α′) is usually calculated by fit-
ing relative permeability data as the function of clay content
7,8,29–31]. From the trend obtained in the reduction in He
ermeability (Figs. 8 and 9), α′ was estimated by following
ielsen’s model (Eq. (1)) developed for depicting barrier prop-

rties of composites containing platelet particles [32].

c = Pp

(
1 − φf

1 + α′φf/2

)
(1)

here Pc and Pp are the permeability of the composite medium
nd the pure polymer, respectively; while φf is the volume frac-
ion of the filler. Helium gas was chosen to estimate α′ using Eq.
2) in view of non-interacting nature of this gas. Transport of He
ould be diffusion controlled [10] and more accurate prediction
f α′ could thus be possible. For nanocomposites based on 6A, α′
as estimated to be 33, while in case of 10A based nanocompos-

tes, the same was found to be 51. This indicated higher level
f clay dispersion in case of 10A based nanocomposites than
or 6A based. This was in agreement with XRD, TEM, density
nd viscosity analysis of 10A and 6A based nanocomposites,
hich indicated better dispersion of 10A clay in the polymer
atrix. As seen from Figs. 8 and 9, reduction in He permeabil-

ty varied considerably than for other gases like CH4 and CO2.
t could be anticipated that in addition to diffusion, permeability
ariations of these gases could also be contributed by sorption
omponent. Owing to this, Nielsen’s model cannot be directly
pplied for these gases in the present case. Wang et al. [29] has
eported reduction in diffusion (59.5%) as well as in calculated
olubility (22.9%) for N2 in rectorite/SBR composites. Ryu and
hang [9] also observed that variation in the relative permeabil-

ty of O2, N2 and CO2 was different at certain MMT content in
LDPE.

According to the simple composite theory [8], tortuosity
actor depends on the content of particles, their shape, loca-
ion and orientation in space; however, it should not depend
n absolute particle size or what the penetrant is. Variations
bserved in the reduction of permeability for different gases
s reported in the literature [8–10] and also in the present
ase does not seem to support this composite theory com-
letely. The reduction in permeability may also depend upon
he size and condensability of penetrant gas molecules. The
as permeability in polymer matrix is governed by solubility
affected by condensability and membrane–penetrant interac-
ions) as well as diffusivity (affected by size and shape of the
enetrant). It could be seen from the literature reports [8,10]

hat both these basic properties are affected by polymer–clay
anocomposites formation. It was observed that for He, dif-
usion rather than solubility was responsible for the reduction
n the permeability; while for N2 and O2, both diffusivity as

t
e
o
s
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ell as solubility were reduced by the presence of clay-fillers
n PP–clay nanocomposites [10]. It was also stated that for
ore condensable gases, interactions along the clay–PP matrix

nterface may affect the gas sorption process in the polymer
embrane. In the present case, gas sorption and diffusion anal-

sis though could not be performed; an increase in packing
ensity of polymer chains (as revealed by decrease in dsp)
robably affected both, solubility as well as diffusivity. Vari-
tions in packing density in the same family of polymers by
tructural variations is known to vary both these crucial param-
ters responsible for permeation [33–35]. Thus, the simple
omposite theory may not be sufficient to explain variations
n gas permeability caused by nanocomposites formation and
as solubility need to be considered in addition to just the
iffusion. Increased CO2 sorption in butyl rubber–vermiculite
anocomposite [8], decreased sorption of O2 and N2 in PP–clay
anocomposite [10], increase in free volume for molecular
ransport in case of poly(1-trimethylsilyl-1-propyne) [11] and
oly(4-methyl-2-pentyne) [12] could be stated as some of the
ptimistic examples, which indicate that with a proper selec-
ion of polymer and filler type, it may be possible to widen
he difference between relative permeability variations of dif-
erent gases. In other words, this can be utilized as a tool
o drive selectivity of particular gas pair in a desired direc-
ion.

.4.2. Effect on selectivity
Variation in the selectivity for different gas pairs in com-

arison to the selectivity of pristine PA (Table 3) showed a
omplex trend at different 6A and 10A loading in resulting
anocomposites. The α(He/CO2) was increased up to five times;
hile, α(CO2/N2) and α(CO2/CH4) were decreased at all the

oading percentages. A larger decrease in permeability of CH4
han for He, particularly at 7% loading led to considerable
ncrease in α(He/CH4). A 2.7 times increase in α(He/O2) in
P–clay nanocomposite was reported [10]. The CO2 based
electivities, α(CO2/N2) and α(CO2/CH4) in present case were
educed dramatically as a result of larger drop in CO2 perme-
bility (52–91%) than for either N2 or CH4 (up to 71%) for
ifferent nanocomposite membranes. This greater reduction in
ermeability of CO2 than that of N2 and CH4 is an anomalous
ehavior. Both the contributing factors to permeability, i.e. dif-
usivity and/or solubility cannot be anticipated to be reduced
ased solely on established assumptions. Reduction in the dif-
usivity may not be just based on kinetic diameter of CO2,
hich is smaller than that of N2 and CH4. Similarly, sorption
f CO2 in polymer matrix is usually much higher than that of
2 and CH4 in most of the polymeric materials. At least for

he type of polymer used here (polyarylate) this is well estab-
ished. There could be some other factor responsible for this
bserved anomaly. It was observed that for a particular case of
enzoylation of PPO, reduction in gas permeability for different
ases followed the order: He < CH4 < N2 < CO2, which was in

he order of their increasing molar mass and not the kinetic diam-
ter [36]. Thus, in addition to kinetic diameter, other properties
f CO2 (molar mass or cylindrical nature) may also be respon-
ible for execution of ‘diffusion jump’ from one activated site
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o another. This issue needs more investigations and supporting
vidences.

An increase in He/CH4 selectivity could be seen only at 7%
oading, indicating that there could be a bare minimum require-

ent for clay loading to affect selectivity favorably in these
A based nanocomposites. This could be possible especially
n view of the presence of long alkyl chain of organic mod-
fier of the clay. Though such modifier is required to induce
ompatibility of the clay with polymer chains, it is usually
omposed of long alkyl chains, which can also induce plasti-
ization as observed by decrease in glass transition temperature
n present case. This decrease in Tg could be anticipated to
dversely affect the selectivity performance owing to poorer
enetrant-discriminating ability due to plasticization. A smaller
ariation in α(He/CH4) selectivity at 3–5% loading suggested
hat probably this plasticization effect is more predominant
han the tortuous path offered at this loading level in gov-
rning selectivity, while at 7% loading, much higher tortuous
ath may be predominantly responsible to reduce permeabil-
ty of larger gases, leading to higher selectivity of He/CO2 and
e/CH4 pairs. In order to tune selectivity favorably, selection of

lkyl group modifier (intercalant/surfactant) that would show
inimal plasticization effect and at the same time facilitate
aximum possible interactions (may be exfoliation) may be

equired. Variation in other physical properties by nanocompos-
tes formation that govern gas sorption and diffusion can also be
rucial.

. Conclusions

Polyarylate–clay nanocomposite were prepared by solution
ntercalation method using 6A and 10A clay. Attractive inter-
ctions were more predominant in case of 10A clay based
anocomposites than that for 6A based cases, as evidenced
y higher solution viscosity and density for earlier case. TEM
nalysis revealed that the clay layers were dispersed at nanome-
er scale in the polymer matrix. Organic modifier of clay
educed glass transition temperature of formed nanocomposites
s revealed by DMA analysis.

Overall decrease in permeability for all the gases was
bserved with incremental loading of both the types of clays.
redicted aspect ratio by Nielsen’s model for both the nanocom-
osites was in agreement with the observed variation in physical
roperties of 6A and 10A based nanocomposites. Marked
ecrease in permeability of gases like CO2 and CH4, in com-
arison to relatively lower decrease in permeability of He was
bserved, especially at higher clay loading. An increase in
electivity: α(He/CO2) and α(He/CH4), especially at higher
lay loading indicated the capability of nanocomposites to tune
he selectivity favorably. A bare minimum requirement of clay
oading to successfully overcome the effect of plasticization
owards lowering in selectivity was noted. This indicated that
f alky group modifier could be chosen such that it would
inimize plasticization and facilitate clay exfoliation while
nducing compatibility of clay with polymer chains, the perme-
tion properties, especially selectivity behavior could be better
uned.
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